Objectives: Currently, innovative methods to prevent photoaging are needed. Skin-derived precursors (SKP) have been shown to play a crucial role in resisting UVB-induced apoptosis in vitro. The objective of this study was to explore the effect of SKP on preventing skin photoaging in vivo.
Methods: Skin-derived precursors from neonatal BALB/c mice were isolated, identified and intradermally transplanted with a PKH26 label to track their survival. These were then injected at different concentrations into the buttock dermis of nude mice at 2-weekly intervals before UV irradiation. Photographs, assessment of live skin surface, histology with quantitative real-time polymerase chain reaction and immunohistochemistry were used to evaluate the impact of SKP on wrinkles and other relevant indicators of skin photoaging.
Results: SKP exhibited a sphere-like structure and could survive for at least 2 weeks after intradermal transplantation. A large dose of SKP transplantation (10 5 SKP +UV) at 2-weekly intervals were able to ameliorate coarse UV-induced wrinkles. Moreover, the skin smoothness value, dermal thickness and collagen percentage were significantly increased in mice that received a large dose of SKP (10 5 SKP +UV). UV radiation induced the mRNA expression of MMP-13 and decreased the mRNA and protein expression of TbRII, but these effects were diminished by SKP transplantation. The transplantation of SKP could increase the mRNA of TIMP-1.
INTRODUCTION
Skin ageing occurs due to the passage of time (intrinsic ageing) and environmental effects (extrinsic ageing). 1 Extrinsic ageing is primarily caused by accumulating damage induced by UV irradiation (photoaging). The clinical features of photoaging include coarse wrinkles, dryness, reduced elasticity and mottled pigmentation. 2, 3 Although a variety of medical approaches for preventing or retarding photoaging have been adopted, each method has its own limitations. [4] [5] [6] Abbreviations:
HBSS
Hank's balanced salt solution qRT-PCR quantitative real-time polymerase chain reaction SKP skin-derived precursor TGF-b transforming growth factor-b TbRII TGF-b type II receptor Multipotent stem cells have been reported to exhibit potential advantages in photoaging or wound healing by differentiating into local tissue cells or taking on a paracrine role. [7] [8] [9] Skin-derived precursors (SKP), which are isolated from mammalian dermis, also possess capacities similar to stem cells. 10, 11 Recent studies have revealed that SKP could develop into fibroblast-like cells to maintain a steady state of the dermal structure.
12-14 SKP also play a crucial role in resisting UVB-induced apoptosis in vitro by upregulating Bcl-2 and Nrf2. 15 We have previously compared transcriptional profiles between SKP and SKP-derived fibroblasts used RNA-Seq, which showed that many differentially expressed genes were enriched in the transforming growth factor-b (TGF-b) signalling pathway. 16 Upregulation of the TGF-b pathway has the ability to stimulate the proliferation of fibroblasts and inhibit the degradation of collagen. [17] [18] [19] [20] However, whether SKP could play a role in preventing photoaging in vivo remains unknown. Therefore, we carried out the present study to explore the potentially protective effect of SKP on UV-induced wrinkles in nude mice.
MATERIALS AND METHODS

Isolation, culture and identification of SKP
Neonatal BALB/c mice aged 1 day were purchased for cell isolation and culture. All animal procedures were approved by the Institutional Animal Care and Use Committee of Sichuan University (2013006A). SKP were isolated and cultured as previously described by Toma and colleagues. 10 Briefly, the dorsal skin was dissected and washed with Hank's balanced salt solution (HBSS; Invitrogen, Waltham, MA, USA). The skin sections were digested in 0.1% trypsin (Invitrogen) and then washed with a wash medium (DMEM/F12 (3:1) (Invitrogen) containing 1% penicillin/streptomycin (Cambrex, East Rutherford, NJ, USA) plus 10% fetal bovine serum and HBSS. After removing the epidermis, the dermis pieces were mechanically dissociated and digested by collagenase type XI (Sigma, St Louis, MO, USA). The tissue samples were centrifuged, all supernatant was discarded, and fresh wash medium was added. The dissociation was repeated. The cell suspension was filtered and centrifuged, the supernatant was removed, and the pellet was resuspended in a proliferation medium (DMEM/F12 (3:1) containing 0.1% penicillin/ streptomycin, 40 ng/mL FGF2 (Collaborative, Invitrogen, USA), 20 ng/mL epidermal growth factor (Collaborative, Invitrogen, USA) and 2% B27 supplement (Invitrogen) at the optimum density. Finally, the cells were cultured in the proliferation medium at 37°C for 1-3 weeks. The floating cells were passaged and the cells were reseeded. Passaging was repeated every 7-10 days or as required. Finally, we identified these spheres as SKP based on the floating appearance and key markers, such as nestin and SOX2, by immunocytochemical analysis as previously described. 16 SKP at passage 3 were prepared for further experimentation.
Survival of SKP
Skin-derived precursor were labelled with a PKH26 red fluorescent labelling kit (Sigma) to examine their survival in vivo. The PKH26-labelled SKP were prepared according to the manufacturer's instructions. Briefly, a 29 dye solution (4 9 10 À6 M) in Diluent C (Sigma, St.
Louis, MO) was prepared and mixed well. A suspension containing 1 9 10 7 SKP at passage 3 was added and washed once using medium without serum. The cells were centrifuged and the supernatant was carefully aspirated. A 29 cell suspension was prepared by adding 1 mL of Diluent C to the cell pellet and then it was resuspended with gentle pipetting. Then 1 mL of the 29 cell suspension was rapidly added to 1 mL of 29 dye solution, and the sample was immediately mixed by pipetting. The cell/dye suspension was incubated for 2-5 min with periodic mixing. The staining was stopped by adding an equal volume of serum, and the solution was incubated for 1 min. The cells were centrifuged, and the supernatant was removed. The cell pellet was resuspended in 10 mL of wash medium, transferred to a conical tube and centrifuged. Next, the cell pellet was washed thrice with 10 mL of the wash medium. The spheres were centrifuged, resuspended, and gently pipetted until most of the spheres dissociated to single cells to the desired final concentration of viable cells. PKH26-labelled SKP (1 9 10 4 and 1 9 10 5 ) were resuspended in 200 lL of HBSS. HBSS containing different concentrations of SKP (most were single cells) was intradermally injected into the buttock skin of mice. The mice were killed after 2 weeks and the skin was cooled with liquid nitrogen. The tissue was protected from light and stored at À80°C. The skin was cut into frozen sections as soon as possible and observed under an inverted fluorescence microscope.
Mice used for SKP transplantation and UV irradiation
In total, 30 male BALB/c nude mice aged 6 weeks were purchased for the experiment. All the mice were housed at a temperature of 22-24°C and 60% humidity, and a 12/12-h light/dark cycle was maintained at a specific pathogenfree animal laboratory facility. The mice were provided with sterilised water and monitored daily. The 30 nude mice were randomly assigned to the following groups: ÀUV (n = 6), +UV (n = 6), HBSS +UV (n = 6), 10 4 SKP +UV (n = 6) and 10 5 SKP +UV (n = 6). To study the effects of SKP on skin in vivo, we intradermally injected SKP (or HBSS) into the buttock skin of the mice of the HBSS +UV, 10 4 SKP +UV and 10 5 SKP +UV groups four times at 2-week intervals (at the beginning of weeks 1, 3, 5 and 7). All the nude mice that received UV irradiation were housed in specially designed cages where they were dorsally irradiated using UVA-and UVB-emitting lamps (Philips, Sigma, Shanghai, China) successively for 8 weeks (thrice a week). The daily irradiation dose was represented as the minimal erythemal dose, which was set at one minimal erythemal dose during the first 2 weeks (daily dose: UVB 60 mJ/cm 2 (Fig. 1) .
Non-invasive quantitative evaluation of wrinkle formation
Photographs of the buttock skin of each mouse 48 h after the final UV irradiation were taken with a digital camera, and a non-invasive quantitative evaluation was conducted at the same time. To ensure the stability of the image, the nude mice were intraperitoneally injected with 10% chloral hydrate before handling. The test environment was verified to have a temperature of 23-25°C and a relative humidity of 50-60% before the experiment. Microrelief parameters of non-invasive live skin surface evaluation were estimated using a Visioscan VC98 system and SELS 2000 software (Courage Khazaka, Cologne, Germany). The Visioscan VC98 system consists of a b/w video sensor chip with a high resolution, an objective and a UVA light source. The video sensor chip presents the skin image in 256 different levels of grey, which are used to calculate the coarse wrinkle parameters or skin smoothness index.
Histology and immunohistochemistry
All the mice were killed by cervical dislocation after the live skin surface evaluation and the buttock skin tissue of animals was removed and cut into small pieces. 
Quantitative real-time PCR (qRT-PCR)
Total RNA was prepared using an RNeasy Protect Mini Kit (Qiagen, Valencia, CA, USA). The collected total RNA was stored at À80°C, and the OD value was measured quantitatively to determine the RNA concentration. Purified RNA was used to synthesise cDNA using Superscript II (Invitrogen) and random hexamers (Roche, Switzerland). PCR was performed on a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) using the SsoFast EvaGreen Supermix (BioRad, USA). S Wang et al.
CCTTGAATCCTT-3 0 ), and mouse TbRII (forward, 5 0 -TGC AATGCTGTGGGAGAAGT-3 0 ; reverse, 5 0 -TCACACACGATC TGGATGCCCT-3 0 ). The PCR conditions were as follows: 95°C for 3 min, followed by 40 cycles at 95°C for 10 s, 58.7-60°C for 10-15 s, and 72°C for 10 s (only for MMP-13 and TIMP1). The experimental results were consistent with the threshold cycle number value (2 ÀDDCT ). The mRNA expression levels were calculated according to the ratio of the target gene and internal control gene expression in the same sample. These experiments were performed in triplicate and independently repeated at least thrice.
Statistical analysis
All values are expressed as the means AE SD. ANOVA was used to evaluate significant differences between the means of different groups when homogeneity of variance existed; however, Dunnett's test was used for statistical analysis when heterogeneity of variance existed. Differences among groups were considered significant at a value of P < 0.05.
RESULTS
Morphology, immunocytochemistry and survival of SKP
Murine SKP were successfully obtained from the dermis and exhibited a sphere-like structure in the suspension culture, which could be purified after three passages (Fig. 2a) . Consistent with previous studies, the SKP spheres expressed nestin (Fig. 2b) and SOX2 (Fig. 2c) , confirmed by immunocytochemical analysis. PKH26-labelled SKP showed red fluorescence under an inverted fluorescence microscope, and the sensitivity and specificity for cell labelling were almost 100% (Fig. 2d) . We found that SKP could survive throughout the whole process of the experiment in the case of repeated injections every other week for a total four times (Fig. S1 ). We still found weak red florescence in the epidermis after the injection of HBSS (without SKP) into the mouse dermis and s.c. tissue, which demonstrates the autofluorescence of the epidermis (Fig. S2) . PKH26-labelled SKP could be identified in frozen sections of the dermis and s.c. layers at 2 weeks after transplantation, and the fluorescence intensity of the 10 5 SKP +UV group (Fig. 2f) was stronger than that of the 10 4 SKP +UV group (Fig. 2e ).
Photographs and non-invasive quantitative evaluation of UV-induced wrinkles in nude mice
The photographs showed that, compared with the mice in the +UV, HBSS +UV and 10 4 SKP +UV groups, the mice in the 10 5 SKP +UV group had much thinner wrinkles in the buttocks where the SKP were injected (Fig. 3a) . VC98 local imaging showed coarse buttock wrinkles in the +UV, HBSS +UV and 10 4 SKP +UV groups, while the wrinkles in the 10 5 SKP +UV group were much thinner than those of the above three groups (Figs 3a, S3 ). The measurements of the skin smoothness index in the buttock skin of the +UV (128.5 AE 23.5), HBSS +UV (134.9 AE 20.6) and 10 4 SKP +UV groups (128.0 AE 18.8) were significantly decreased (P < 0.05) compared with that of the ÀUV group (160.9 AE 25.0), while the skin smoothness index of the 10 5 SKP +UV group (155.0 AE 27.8) was significantly increased (P < 0.05) compared with that of the above three groups (Fig. 3b) .
Effect of SKP on epidermal thicknesses, dermal thickness and percentage of collagen HE staining showed that the epidermis in the ÀUV group (70.5 AE 4.9) was significantly thinner than that of the other four groups (146.9 AE 10.3 for the +UV group, 140.5 AE 7.2 for the HBSS +UV group, 139.6 AE 22.0 for the 10 4 SKP +UV group and 137.2 AE 20.3 for the 10 5 SKP +UV group) (P < 0.05), and no significant difference was observed among these four groups (P > 0.05; Fig. 4a,b) . The dermal thicknesses in the 10 4 SKP +UV (701.8 AE 40.8) and 10 5 SKP +UV (883.6 AE 62.0) groups were significantly increased (P < 0.05) compared with that in the +UV (525.5 AE 33.0) and HBSS +UV groups (552.7 AE 40.7; Fig. 4c,d) . The collagen percentages of the dermis in the +UV (54.1 AE 7.3), HBSS +UV (55.5 AE 7.0) and 10 4 SKP +UV groups (56.5 AE 6.4) were significantly decreased (P < 0.05) compared with that in the ÀUV group (69.1 AE 5.3), while the collagen percentage of the 10 5 SKP +UV group (67.3 AE 6.9) was significantly increased (P < 0.05) compared with that of the above three groups (Fig. 4c,e) .
Effect of SKP on the mRNA expression of MMP-13, TIMP-1 and TbRII in mouse skin
The results indicate that the mRNA levels of MMP-13 in the +UV (5.6-fold) and HBSS +UV groups (4.5-fold) were significantly increased compared with those in the ÀUV (onefold) group, while they were significantly decreased in the 10 4 SKP +UV (2.5-fold) and 10 5 SKP +UV groups (1.2-fold) compared with those in the ÀUV group (P < 0.05; Fig. 5a ). Alternatively, no statistically significant difference was observed in the mRNA levels of TIMP-1 among the ÀUV (onefold), +UV (0.8-fold) and HBSS +UV groups (0.5-fold; P > 0.05), and the mRNA expression levels were The skin smoothness (SEsm) index in the +UV, HBSS +UV and 10 4 SKP +UV groups was significantly lower than that of the ÀUV group, while it was significantly higher in the 10 5 SKP +UV group. Values represent means AE SD (n = 6). *P < 0.05. HBSS, Hank's balanced salt solution.
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significantly increased in the 10 4 SKP +UV (3.4-fold) group and 10 5 SKP +UV group (3.6-fold) compared with those in the above three groups (P < 0.05; Fig. 5b ). The mRNA levels of TbRII were significantly decreased in the +UV (0.3-fold) and HBSS +UV groups (0.4-fold) compared with those in the ÀUV group (onefold; P < 0.05) but were increased in the 10 4 SKP +UV (1.1-fold) and 10 5 SKP +UV groups (1.4-fold; P < 0.05; Fig. 5c ). Paraffin sections subjected to (a) HE staining (9200) and (c) Masson staining (9200) in different groups of mouse buttock skin 48 h after the final UV irradiation show the effect of skin-derived precursors (SKP) on UV-induced epidermal hypertrophy, the reduction of dermal thickness and collagen percentage. (b) HE staining showed that SKP had little impact on UV-induced increase of epidermal thicknesses. Based on Masson staining, (d) the dermal thickness and (e) collagen percentage of the dermis with UV irradiation were lower than those of the dermis without UV irradiation, while these reductions could be alleviated in a dose-dependent manner by SKPs transplantation. Values represent means AE SD (n = 6). *P < 0.05. HBSS, Hank's balanced salt solution.
Effect of SKP on UV-induced protein depression of TbRII in mouse epidermis
This study indicates that the IOD/area values of TbRII in immunohistochemistry were significantly decreased in the +UV group (0.15 AE 0.01) and HBSS +UV group (0.15 AE 0.005) compared with that of the ÀUV group (0.21 AE 0.02; P < 0.05), and it increased significantly in the 10 4 SKP +UV group (0.21 AE 0.01) and the 10 5 SKP +UV (0.36 AE 0.02) group compared with that of the HBSS +UV group. The IOD/area values of TbRII in the 10 5 SKP +UV group was significantly increased compared with that of the 10 4 SKP +UV group (Fig. 6a,b) .
DISCUSSION
Adult skin stem cells could be ideal candidates for biological medicine. 21 Skin-derived precursors can differentiate into fibroblast-like cells that participate in wound healing and skin remodelling by upregulating the TGF-b/Smad pathway. [12] [13] [14] Recent studies have shown that the TGF-b pathway is a vital signal transduction mechanism in photoaging. 22, 23 Moreover, previous studies have shown that SKP play a crucial role in resisting UVB-induced apoptosis, and the transcriptional profiles of SKP and SKP-derived fibroblasts determined by RNA-Seq showed that many significantly changed genes were enriched in the TGF-b signalling pathway. 15, 16 These findings suggest the intriguing possibility that SKP may play a beneficial role in protecting against photoaging in vivo. The current study has identified that extrinsic SKP, via dermal injective transplantation, may survive for at least 2 weeks in vivo, and using a relatively large dose (10 5 /200 lL) could remarkably improve the width and depth of coarse wrinkles, while significantly increasing the skin smoothness index, dermal thickness and percentage of collagen content decreased by UV irradiation, thus suggesting its potential use against photoaging. Matrix metalloproteinases are a group of extracellular matrix enzymes that play a crucial role in the collagen degradation process. 1 After UV irradiation, keratinocytes and fibroblasts produce a large volume of matrix metalloproteinases by activating the ERK, JNK and P38MAPK signalling pathways, which can degrade various extracellular matrix components including collagen to reinforce the clinical manifestations of photoaging. MMP-1, termed interstitial collagenase, is a pivotal member of the collagenase subfamily of matrix metalloproteinases and is known as the main factor for development of UV-induced skin wrinkles. MMP-1 can degrade types I, II and III collagen and is considered to play a pivotal role in the process of photoaging. 24 MMP-1 cannot be detected in mouse skin. However, MMP-13 was strongly expressed in mouse skin after UV irradiation, which led to speculation that MMP-13 in mice was equivalent to MMP-1 in humans. 25 Thus, we chose to measure the mRNA expression of MMP-13.
Previous studies have demonstrated that TGF-b is distributed in a variety of cutaneous cells, which could affect the p38MAPK signalling pathway through cross-talk and inhibit the activity of matrix metalloproteinases that are involved in collagen degradation. [18] [19] [20] 26 UV light can directly decrease TGF-b2 and TbRII and upregulate Smad7, which inhibits Smad2/3 and TGF-b receptors, thus downregulating the type I and III procollagen gene expression and ultimately reducing collagen synthesis. 22 The current study shows that the local transplantation of SKP can significantly inhibit the upregulation of MMP-13 mRNA and the downregulation of TbRII mRNA and protein induced by UV light, which may be attributable to the protective effect of SKP against photoaging through triggering the TGF-b pathway, which influences matrix metalloproteinases. 27, 28 The current study also showed that the mRNA expression of TIMP-1 in the two SKP transplantation groups was significantly increased compared with that in the other three groups. Although mesenchymal stem cells have been shown to exhibit a TIMP-1 secretion function, 29 the specific mechanism of the increased TIMP-1 mRNA expression in nude mouse skin after SKP transplantation needs to be further investigated.
In the present study, we found that a larger dose (10 5 / 200 lL) of SKP could increase the thickness and collagen percentage of the dermis while reducing the width and depth of coarse UV-induced wrinkles notably more than a smaller dose (10 4 /200 lL). However, no significant difference was observed in the mRNA expression levels of MMP-13 and TIMP-1 between the above two groups, which may be attributed to the fact that SKP transplanted in larger doses may survive in vivo for a longer time than a small dose of transplanted SKP. In addition, a portion of SKP may simultaneously differentiate into fibroblasts that play a role in maintaining the homeostasis of dermal structures, while the immediate expression of mRNA may not accurately reflect the longer time improvement of photoaging characteristics. However, additional study is required.
In this preliminary study, we demonstrated the preventive effect of extrinsic SKP on UV-induced coarse wrinkles and proposed the possibility that SKP may be a promising candidate for photoaging prevention. However, further experimental research on the detailed mechanism of photoaging prevention provided by SKP is needed.
Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Survival of skin-derived precursors (SKP) during the whole experiment. Figure S2 . After the injection of HBSS (without skinderived precursors [SKP] ) into the mouse dermis and s.c. tissue, we still found weak red florescence in the epidermis (above the white dotted line in the images), which demonstrates the autofluorescence of the epidermis. Figure S3 . More photos and VC98 images of mice in different groups.
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